ABSTRACT An adaptive event-triggered sliding mode control (AETSMC) algorithm is designed for the attitude control of the Reusable Launch Vehicle (RLV) subject to unknown external disturbances. First, an AETSMC strategy for a multi-variable second-order nonlinear system is proposed. Then, the stability of the proposed method is proved via the Lyapunov technique and the Zeno-free execution of triggering sequences is guaranteed. Furthermore, the proposed AETSMC strategy is applied to the attitude control of RLV. Finally, the developed method is validated by simulation, and the results show that the chattering phenomenon of control inputs is significantly weakened, and about 77.6% of the computational cost is saved while the desired performance of the system is ensured.
I. INTRODUCTION
Reusable Launch Vehicles (RLVs) are designed to perform multiple space missions, and the RLVs are reusable so that the cost of accessing to space is reduced [1] , [2] . The attitude control for RLV's control system is an essential issue. However, the attitude control design of RLV, particularly in the reentry phase, is a greatly challenging work due to the presence of uncertainties and unknown external disturbances. Therefore, there are many studies in the attitude control of RLV in order to achieve the robust tracking and the desired performance.
Recently, many linear and nonlinear control algorithms have been applied to attitude control of RLV in the presence of the uncertainties and external disturbances. For instance, the main linear control methods used in attitude control include proportional-integral-derivative (PID) [3] , [4] , H ∞ control [5] , [6] , linear quadratic regulator (LQR) [6] and so on. However, the tracking performance of these linear controllers may be degraded, when considering the nonlinearity and uncertainty of the RLV's model. To address this issue, nonlinear control design has been studied, including backstepping [7] , sliding mode control (SMC) [8] , [9] and The associate editor coordinating the review of this manuscript and approving it for publication was Jun Hu. adaptive control algorithm [1] , [10] , etc. Among these methods, SMC technique is widely used for nonlinear systems with bounded disturbances and uncertainties. The control methods in the above papers are designed in continuous time, but in practical systems, the control system connects to plant via a digital platform. So, the continuous-time approaches are achieved by this approximated system dynamics. In [11] , the discrete sliding mode controller is designed for RLV in a computer controlled system. Unfortunately, the stability of the inter-sampling dynamics of system is not analyzed in discrete time.
In recent years, the event-triggered control algorithm has been proposed in [12] , [13] . In this technique, both the continuous and discrete behaviors are analyzed for the computer controlled system. The basic idea is that once the pre-setting triggering rule is established, the control task is executed immediately, i.e., the control input is updated after a varied period which can greatly reduce the computational cost and the usage of bandwidth while the desired performance is guaranteed. At present, the control strategy of event-triggered algorithm combined with sliding mode algorithm has been studied a lot. In [14] , event-triggered sliding mode control for robust stabilization of linear systems is proposed. In [15] , SMC combined with event-triggering scheme is used to address the problem of robust stabilization for a class of nonlinear systems subject to external disturbances. In [16] , a global event-triggering algorithm based on sliding mode control is designed to achieve robust performance in the presence of external disturbances. In [17] and [18] , the SMC algorithm of event-triggered control for a class of nonlinear systems affected by uncertainties and external disturbances is presented. However, the event-triggered sliding mode control may lead to the chattering phenomenon. The non-overestimated adaptive algorithm provides an effective way to reduce the chattering without sacrifice of the robustness.
Motivated by the observations, an adaptive event-triggered sliding mode control (AETSMC) strategy is proposed and applied on attitude control of RLV with unknown external disturbances. In order to achieve the desired performance and save energy, the event-triggered control is developed. The adaptive sliding mode control is designed to achieve the robust tracking without any information on the bounds of the external disturbances.
The structure of this paper is organized as follows. First, some preliminaries is recalled in Section II. The RLV's dynamics and the problem formulation are provided in Section III. In Section IV, the AETSMC strategy and the stability proof of the system are shown, and the application of the algorithm on attitude tracking of RLV is discussed. In Section V the numerical simulation is performed. Finally, some conclusions are summarized in Section VI.
II. PRELIMINARIES A. NOTATIONS
In this paper, the following notations will be used. Define x = √ x T x as the Euclidean norm for a vector x = [x 1 , .., x n ] T ∈ R n . The symbol ''⊗'' denotes Kronecker product. And, the symbol I mm represents m × m dimension identity matrix. Z ≥0 denotes the set of non-negative integers.
B. DEFINITIONS
Consider the nonlinear dynamical systeṁ
where x = [x 1 , .., x n ] T ∈ R n represents the state vector, (x) : R n → R n denotes a potentially discontinuous vector field. Then, the solutions of system (1) are understood in the Filippov sense [19] . Suppose that the origin of system (1) [20] 
III. PROBLEM FORMULATION
In this section, the attitude dynamics of RLV and the control objective of this paper are described in detail.
A. ATTITUDE DYNAMICS
The motion of the six-degrees-of-freedom RLV can be separated into translational and rotational motions. Since the attitude stability of RLV is the basic to achieve the flight of vehicle, we only consider the rotational attitude dynamics of the rigid reentry flight vehicle in the work.
Considering the unknown matched external disturbances, the attitude dynamics equations of RLV are given bẏ 
T represents the control moment vector. The inertia matrix J is defined as
where J ij (i, j = x, y, z) denotes the roll, yaw, and pitch moment of inertia. And the matrix is written as
The transformation matrix R from the earth-fixed coordinate to the body-fixed coordinate is calculated by
The aim of the work is to design an AETSMC algorithm for attitude control of RLV subjected to the unknown external disturbance M (t), such that the actual angle
Besides, the stability of the system using the proposed control strategy is needed to be guaranteed and Zeno execution of the sequence of triggering instants should be avoided.
IV. AETSMC ALGORITHM AND ITS APPLICATION
In this section, the AETSMC technique is developed for a general second order nonlinear system, and then the application of the proposed algorithm in attitude control of RLV is discussed.
A. ADAPTIVE EVENT-TRIGGERED SLIDING MODE CONTROL
Consider the following multi-variable second-order systeṁ
where
x 2 ∈ R n are the state variables, u ∈ R n denotes the control vector, and d ∈ R n represents unknown external disturbance vector. In addition, because the control law is designed in digital platform, define the sequence of the sampling times (also called triggering instants in event-triggered strategy) as
. And the discrete error between two successive intervals is given by e(t) = x(t k ) − x(t) with e(t k ) = x(t k ) − x(t k ) = 0 where t ∈ [t k , t k+1 ). Some assumptions are needed as follows, which are useful in the future.
Assumption 2: The external disturbance d(t) is assumed to be bounded and there exists a bounded but unknown constant δ such that d(t) ≤ δ.
The following design of the adaptive event-triggered sliding mode controller is divided into two parts. First, design the sliding variable as s(t) = cx(t) = x 1 (t) + x 2 (t), where c = [1 1] ⊗ I nn ∈ R n×2n , and define the sliding manifold as follows
where µ > 0, and the sliding manifold S is the 'real sliding surface' [21] . Second, design the triggering rule and control law such that the trajectory of system can reach to the sliding manifold. To this end, the triggering rule and control law are given by the following theorem.
Theorem 1:Consider system (7) with Assumptions 1 and 2, the sliding variable s(t) can reach to the sliding band
and the state x 1 is ultimately bounded and the ultimate band is given by
for all t ∈ [t k , t k+1 ) where σ ∈ (0, 1) and λ ∈ (0, ∞), if the control law and triggering condition are designed as follows.
(i) The triggering rule is designed by
This triggering scheme ensures
for all time t ≥ 0.
(ii) The AETSMC law in (7) is designed by
for all t ∈ [t k , t k+1 ), and the adaptive law of the gain ρ is given byρ
where ρ 0 is a positive constant, and the tuning parameter µ is selected as σ (
Here, the proof consists of two steps: (i) it will be shown that the state s converges to the sliding band (9) if the triggering rule and control law satisfy the conditions (12), (13) , and (14); (ii) the stability of the closed-loop system (7) is proved after that the sliding trajectory entered into the sliding mode band.
Step 1: First, using the control law (13) and (14), the derivative of s(t) is calculated bẏ
Then, design the Lyapunov function as
where ρ * is a positive constant such that ρ ≤ ρ * [22] . Taking into account (12), (15), (16), and assumption 1, the derivative of V for time t ∈ [t k , t k+1 ) is given bẏ
Next, we will discuss whether the sliding trajectory is bounded, classifying into two circumstances: (i) the sliding trajectory doesn't reach the sliding manifold; (ii) the sliding trajectory has reached the sliding manifold.
(i) First, suppose that the sliding trajectory doesn't reach the sliding manifold, and it is easy to get that signs(t k ) = signs(t) and ||s(t k )|| > µ. At the moment,ρ > 0 according to (14) . Therefore, ρ(t) keeps growing, and ρ(t) > δ will hold after a finite time t F . Then, considering the assumption 2 and (14), (17) for time t ∈ [t k , t k+1 ) where t k > t F can be written byV
where η = min{ρ(t k ) − δ, ρ 0 s(t k ) }. Since (18), the sliding variable s(t) trends to the sliding manifold in the interval t ∈ [t k , t k+1 ) for some k ∈ Z ≥0 . Finally, s(t) hits the sliding manifold after a finite time. Therefore, the sliding variable converges to the sliding manifold in a finite time. VOLUME 7, 2019 (ii) After the sliding trajectory s(t) has reached the sliding manifold, s(t) may not remain the sliding manifold. But s(t) is bounded where signs(t k ) = signs(t). The size of the band is calculated by the maximum deviation of sliding trajectory in the interval t ∈ [t k , t k+1 ) as follows
Due to µ = σ ( x(t k ) + λ)/L, the sliding mode band is written by
Overall, the sliding trajectory s(t) converges to the region once it enters into the region. [23] . We select the µ as σ (
Remark 1: The option of the tuning parameter µ is neither too big nor too small
x(t k ) + λ
)/L according to the triggering condition. Supposing that the sliding trajectory reached the 'ideal sliding manifold', s(t k ) = 0 can be got, and s(t) ≤ σ ( x(t k ) + λ)/L hold in any time interval t ∈ [t k , t k+1 ). Therefore, the tuning parameter µ is selected as that.
Step 2: Here, we discuss the stability of the closed-loop system (7) using the triggering rule and the control law (11)- (14) . Recalling the definition of sliding variable, we can write
From the above algebraic dynamics, it can be proved that if x 1 (t) remains bounded, x 2 (t) also is bounded. In the following, the stability of the closed-loop system is given. Design the Lyapunov function as V 1 = (1/2)x T 1 x 1 . Taking the derivative of V 1 along the system trajectory of (7) and considering (20) , we can geṫ
If
, then x 1 (t) decreases to the region and is attractive. Therefore, the state vector x 1 (t) is ultimately bounded. Here, the proof is completed.
Next, we will show the admissibility of the triggering sequences of the AETSMC, i.e., Zeno execution is avoided. Define the inter-event time as T k := t k+1 −t k for any k ∈ Z ≥0 . The result is presented in the following theorem.
Theorem 2: Consider system (7) . The triggering sequence is admissible, i.e., T k always has a positive lower bound for all x ∈ R 2n as follows
where and κ are given by
Considering assumptions 1 and 2, we can get that
where and κ are defined by (24) and (25), respectively. Integrate on both sides of the inequality (27), then, the solution of the differential inequality with the initial condition e(t k ) = 0 can be calculated by
for t ∈ [t k , t k+1 ). The minimum time interval required for error e(t) to grow from 0 to 2σ ( x(t k ) + λ)/L||c|| can be obtained as 2σ (
The expression for inter-event time is given in (23) according to (29). It is clearly seen that the right-hand side of (23) is always a positive lower bound, i.e., for all x ∈ R 2n
Thus, the triggering sequence is admissible and the triggering scheme with Zeno execution is avoided. Hence, the proof is completed.
B. APPLICATION TO ATTITUDE CONTROL FOR RLV
In this subsection, the attitude error dynamics are derived based on (2) 
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The attitude error dynamics (31) can be rewritten as in the following forṁ It is worth noting that assumptions 3 and 4 are always used for RLV [24] - [26] . Therefore, the above assumptions is reasonable.
From assumption 3, we can see that the vector F (E) also satisfies Lipschitz condition in a compact domain D ⊂ R 6 with a Lipschitz constant L = 1 + L 1 for the vectors y 1 , y 2 in D and it can be shown as
Next, the AETSMC algorithm is applied to the attitude control for RLV under the assumptions 3 and 4. First, design the sliding variable as
where c = [1 1] ⊗ I 33 ∈ R 3×6 and the 'real sliding manifold' is defined as S = {E ∈ R 6 |s = c E = µ } where µ > 0. Based on Theorem 1, the adaptive event-triggered sliding mode attitude controller is developed in the following Lemma.
Lemma 1: Consider system (32) under assumption 3 and 4. If the triggering condition is designed as
where e (t) = E(t k ) − E(t), σ ∈ (0, 1) and λ ∈ (0, ∞), and the control law is designed as
for all t ∈ [t k , t k+1 ) where the adaptive law of the gain ρ is given bẏ
where ρ 0 is a positive constant, and the tuning parameter µ is selected as σ ( E(t k ) +λ )/L, e can converge to the band
The proof of Lemma 2 is a direct result from theorem 1, and Zeno-free execution is like theorem 2. With the virtual control input given in (31), the real control moment can be calculated by M = JR −1 M (see (31)). 
V. SIMULATION AND DISCUSSION

B. RESULTS ANALYSIS
The simulation results are shown in Fig. 1-Fig. 5 . Fig. 1 illustrates the evolution of the attitude angle tracking, including attack angle, sideslip angle, bank angle, and the curves of the attitude tracking errors. From the upper half of Fig. 1 , it can be seen that the actual attitude can track the desired attitude by using the proposed AETSMC algorithm in the presence of unknown disturbance. From the zoomed figures in the lower half of Fig. 1 , it can be observed that the maximum tracking accuracy are about 5.0 × 10 −2 deg, 8.2 × 10 −2 deg and 6.0 × 10 −2 deg for attack, sideslip and bank, respectively.
The control inputs are plotted in Fig. 2 . From Fig. 2 , it is shown that the chattering phenomenon of control inputs are significantly mitigated. The simulation data shows that the control input updated 6722 times in proposed strategy compared with 30001 times in classical frame (time-triggered control) with a sampling step 1ms. It indicates that the proposed AETSMC algorithm saves about 77.6% of the computational cost.
From Fig. 3 , it can be observed that the adaptive gain is always bigger than the amplitude of the external disturbances in a finite time, and the adaptive method is non-overestimation. Fig. 4 shows the evolution of sliding trajectories, which tells that sliding variables reach the sliding manifold in the amount of finite time. The inter-execution time is shown in Fig. 5 which illustrates that the inter-event time has an always positive lower bound, and is not fixed. Therefore, Zeno execution of triggering sequences has not occurred. The maximum value of inter-event time is 0.100sec. It should be noted that the maximum inter-execution time can be further increased by choosing a larger value of α. Moreover, the number of triggering instants will decrease as the increase of the values of σ or α at the cost of decreasing accuracy. 
VI. CONCLUSION
An adaptive event-triggered sliding mode control scheme has been proposed and applied to the attitude control for RLV with unknown external disturbances. The proposed approach does not require any information on the upper bounds of disturbances and the adaptive method is not overestimated. The numerical results show that the designed algorithm not only mitigates the chattering phenomenon of control inputs but also reduces the computational cost or the usage of the communication channel while ensures the desired performance of system. Therefore, the system performance has been improved in terms of the number of control updates. 
